Purpose: To investigate morphologic alterations in the limbal palisades of Vogt in a progressive form of limbal stem cell deficiency.
1
In vivo morphology of the limbal Palisades of Vogt correlates with progressive stem cell deficiency in aniridia-related keratopathy. Introduction Aniridia is a rare congenital genetic disorder caused by a mutation in the Pax6 gene, often considered the 'master gene' for eye development. While absence of the iris is the hallmark feature of this disorder, corneal manifestations of aniridia include a thinned epithelium, thickened stroma, and a potentially blinding keratopathy. Aniridia-related keratopathy (ARK) is characterized by a progressive opacification of the cornea thought to result from a primary limbal stem cell deficiency. 1 We recently published results from a study of a cohort of Swedish patients with congenital aniridia. 2 In that study, laserscanning in vivo confocal microscopy (IVCM) of the cornea indicated a total loss of limbal palisades of Vogt in patients with ARK; however, in one patient, remnants of these structures were visible in a degenerated, altered form. This suggested the stem cell niche may not be absent in all cases. Additionally, alterations in subbasal nerves, epithelium, and dendritic immune cells were detected in patients.
Unlike many cases of clinical limbal stem cell deficiency, in which the normal structures of the limbal stem cell niche in affected regions are totally absent, 3 a large group of aniridia patients can present a cross-section of progressive changes to the limbal stem cell environment. Moreover, in recent years laser-scanning IVCM has enabled a detailed morphologic picture of the limbal palisades of Vogt to be obtained, [4] [5] [6] [7] that could potentially improve our understanding of the exact location and function of the limbal stem cell niche, while aiding in the assessment, diagnosis, and monitoring of the status of the limbal stem cell niche in aniridia. In the present study, we investigated an aniridia cohort to document the clinical status of keratopathy and correlate these findings to morphological investigation of nerves, inflammatory cells, epithelium and structures of the limbal palisades of Vogt, the putative location for the limbal stem cell niche. 
Methods

Study subjects
After obtaining ethical approval from the Regional Committee for Medical and Health
Research Ethics in Oslo (Application No. 2011/2310/REK), and obtaining signed informed consent, 29 Norwegian subjects (58 eyes) were examined on a single occasion in Oslo. Of these, 20 were patients with aniridia, while the remaining subjects were 9 healthy accompanying relatives in good general health, without aniridia or other ocular pathology (control group). The study was conducted in accordance with the tenets of the Declaration of Helsinki.
Clinical Examination
Subjects underwent full clinical corneal examination bilaterally, and additional detailed examination by digital slit lamp photography and in vivo confocal microscopy (IVCM; Heidelberg Retinal Tomograph 3 with Rostock Cornea Module, Heidelberg Engineering, Germany). Slit lamp examination was conducted to assess the grade of ARK according to a previously published grading scale. Clinical examination included the following data or tests: status of Pax6 mutation (taken from patient records), best spectacle-corrected visual acuity (BSCVA), central corneal thickness measured by ultrasound pachymetry (TOMEY SP-2000), ocular surgery status (prior cataract or glaucoma surgery, taken from records), tear production by Schirmer's test without anaesthesia (normal tear secretion should moisten greater than 15 mm of the strip in five minutes, and < 5mm is considered pathological), tear break-up time (BUT) to evaluate tear film stability (on the clear part of the cornea, with BUT > 10s regarded as normal), and corneal sensitivity by contact esthesiometry (Cochet-Bonnet esthesiometer, Luneau Ophthalmologie, France) where a nylon thread length of 60mm was considered normal.
In Vivo Confocal Microscopy
IVCM was performed by a single operator in all subjects. Images of the superior and inferior limbus in the region of the palisades of Vogt were taken to document the status of the limbal stem cell niche. Additionally, where possible, images of the transition between limbal and corneal tissue at epithelial and subepithelial depth, and images of the central subbasal nerve plexus were acquired. During examination, the superior and inferior limbal regions and central cornea were accessed by instructing subjects to gaze into an external fixation target (diode lamp), which was manually adjusted until the central or limbal regions could be accessed. Subjects with very poor vision or those with difficulty in fixating were instructed to gaze straight forward, upwards, or downwards without use of the external target. Depth in the epithelium was first manually adjusted until the epithelial basal cell mosaic was visible, and then the microscopic field of view was manually translated inferiorly or superiorly, until the mosaic pattern was disrupted by the structures comprising the limbal palisades of Vogt 2, [4] [5] [6] [7] or of conjunctival tissue. Lateral scanning of approximately 3 clock hours of limbus in superior and inferior regions was performed. All subjects were non-pigmented. Images were acquired in real time, at a rate of 8 frames/sec for subjects in the control group, while the rate was increased to [15] [16] [17] [18] [19] [20] frames/sec in aniridia patients, to minimize image artifacts due to rapid eye movements (nystagmus). Images were acquired in the sequence scan mode of acquisition.
IVCM image analysis
All IVCM image data was saved with a unique numerical identifier. Images from each subject and eye were assessed by two independent observers masked to the subject name, gender, age, group identity (aniridia or control) and stage of ARK. For each eye, images (typically 1000 images or 10 scans per eye) were examined to determine the presence of the following 3 structures in the inferior and superior limbus, which when observed together (co-located across one or two IVCM image frames), were taken as positive evidence for the existence of a morphologically intact palisades of Vogt in a given limbal region:
1. Epithelial basal cells with dark cytoplasm and reflective cell borders.
2. At least two prominent palisade ridge structures.
3. At least one circular and/or oval-shaped focal stromal projections (FSPs) 5 The presence or absence of intact palisades of Vogt was recorded for each eye, and in cases where the palisades were not observed, images were examined for the presence of 6 recognizable palisade-like structures. Care was taken to ensure images were not oblique in the assessment, and structures were assessed at various depths to ensure ridges and/or FSPs did not merge into one structure, but were distinct structural entities.
Corneal epithelial morphology was assessed by the presence of basal epithelial cells with dark cytoplasm and distinct, bright borders in IVCM images, rendering the cell mosaic visible. Conjunctival epithelium by contrast, appears bright (highly light-scattering cytoplasm), cell borders and the mosaic are more difficult to discern, and goblet cells, cells with dendrites, and highly reflective, rounded leukocytic/inflammatory cells are typically found within the conjunctival epithelium. 8, 9 The presence of corneal subbasal nerves in the peripheral/limbal region was assessed by two experienced observers. After cell counts were recorded, images were unmasked and the three cell counts were averaged and converted to cell density. Finally, cell density values from both observers were averaged, and the mean value reported.
Quantitative and statistical analysis
Inter-observer differences in quantification of subbasal nerve density and limbal epithelial cell density were assessed by the method of Bland and Altman. 
Results
Control group morphology
Subjects in the control group had a mean age of 41 years (range 29 -50 years). Detailed slit lamp biomicroscopic observation revealed a normal-appearing cornea and limbal region in all controls, without visible pathology. Access to the superior and/or inferior 8 limbal palisades region by IVCM was possible in 17 eyes of 9 subjects. In the remaining eye, excessive (voluntary) eye movement made it difficult to access the Palisades region.
In all cases where it was possible to access the limbal Palisades, the presence or absence of morphologically normal Palisade ridges and FSPs in superior and inferior limbal locations was noted ( Table 1) .
Examples of the in vivo morphology of normal Palisade structures in the superior and inferior limbus are shown in Figure 1 . Notably, the width of palisade ridges and FSPs and their relative abundance varied across subjects. In two control subjects, these differences were strikingly apparent. In one subject aged 44 years, ridges were short and wide and had approximately 5 to 10 wide FSPs present around each ridge, while in another subject aged 45 years, ridges were long and narrow, with about 1 small FSP present around each ridge ( Figure 2 ).
In 5/17 eyes (29%), a partial presence (defined as recognizable morphology but incomplete or abnormal in appearance) or total absence of at least one feature (Palisade ridges or FSPs) was noted ( Figure 3 , Table 1 ). In all cases, the inferior limbal Palisades were affected. Despite this, in all control subjects corneal epithelial basal cells had dark cytoplasm, distinct borders, and conjunctival morphology was absent within the cornea proper.
Aniridia group morphology
Of the 20 aniridia patients examined, the limbal region was visualized by IVCM in 18 patients (34 eyes). In the remaining cases, excessive nystagmus or patient noncompliance precluded IVCM examination of the limbus. The 18 patients had an average age of 33 years (range 16 -62 years). The ARK severity grading 2 for all examined eyes is given in Table 1 .
In the single patient with grade 0 ARK bilaterally, a transparent cornea with intact limbal border was apparent on slit lamp examination (Figure 4 ). By IVCM, intact palisade structures were observed in superior and inferior locations in both eyes. The morphology of these structures appeared similar to those found in the control group. (Table 1) , and were opaque with a characteristic conjunctival appearance (Figure 7 ).
Quantitative analysis of clinical and IVCM parameters
In Table 1 , aniridia cohort data was arranged by increasing grade of ARK. Possible associations between grade of ARK and the various clinical and IVCM parameters were tested, with results given in Table 2 . As severity of ARK increased, the following significant changes were noted: visual acuity worsened (increase in Snellen 16, 17 and in a previous study of aniridia patients, evidence of the close correlation of centripetal cell and nerve migration was presented. The IVCM findings in this study are relevant in the context of recent reports describing the limbal morphology in normal eyes and those with partial or total limbal stem cell deficiency. 3, 4, 18 In those studies, the normal density of basal epithelial cells in the palisade region was in close agreement with values reported in this study, 4 and a marked decline in basal cell density was noted in patients with limbal stem cell deficiency of varying etiology. 3, 18 Likewise, mean subbasal nerve density in cases of partial limbal stem cell deficiency in one study 3 (9.70 ± 6.32mm/mm 2 ) was close to the mean value in the present aniridia cohort (9.1 ± 8.1mm/mm 2 ), and in another study, increasing severity of limbal stem cell deficiency correlated with a decline in central subbasal nerve density. 18 We note however, a wide variability in subbasal nerve density in aniridia patients, with some corneas with grade 1 or 2 ARK exhibiting normal or supra-normal density values. In an earlier study of a Swedish aniridia cohort, we reported an unusually high nerve density in several cases, which was thought to relate to epithelial pathology in aniridia. 2 Such high nerve densities, however, were not included in the analysis of the present Norwegian cohort; instead, representative images of subbasal nerves were chosen to reflect the overall condition of the subbasal nerve plexus, whereas only the highest density region was selected in the prior study. In both cohorts, however, the range of nerve density was large, with some patients having a density below 5 mm/mm and may arise from genetic or environmental factors. Despite this variation, however, several studies (including the present study) have revealed a population of healthy controls in whom the limbal palisades are either absent or present in a partial, degraded form. 4, 20, 21 In the present study, 3 of 9 control subjects had missing or partially present palisade ridges or FSPs. All abnormal findings in control eyes were present in the inferior limbus in this study in subjects aged 38 to 48 years, and similarly occurred in older subjects in the inferior limbus in the studies by Patel et al. 4 and Zheng et al. 20 The upper eyelid presumably protects the superior limbal palisades from degradation in the normal cornea in a proportion of older subjects. This hypothesis is consistent with recent laboratory studies demonstrating the highest colony-forming efficiency from biopsies of the superior and inferior limbal regions, 5, 22 while the superior limbal region in particular has been shown to yield the highest epithelial cell thickness of cultured limbal explants. Table 2 . Correlation of grade of ARK with various clinical and IVCM parameters in the subject cohort shown in Table 1 . Significant correlations are indicated in bold. Correlations were tested with one eye per subject (right eye) using the Spearman rank order test (see Methods).
